Coronaviruses are a major pathogen for adults, children and animals, causing up to one-third of community-acquired respiratory tract infections in adults during epidemics. In December 2019, a novel coronavirus \[severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)\] was identified from a cluster of pneumonia cases in Wuhan, China. At the time of this report, the virus is spreading globally and, in March 2020, the World Health Organization declared COVID-19 a global pandemic.

Cardiorenal syndrome (CRS) comprises a number of conditions involving both the heart and kidneys, in which acute or chronic dysfunction in one organ may induce acute or chronic dysfunction in the other organ \[[@sfaa082-B1]\]. In addition, both heart and kidney function can be impaired by an acute or chronic systemic disorder \[[@sfaa082-B2]\]. SARS-CoV-2 enters the body using an evolutionarily evolved arm that binds human angiotensin-converting enzyme 2 (ACE2) on human pneumocytes \[[@sfaa082-B3]\]. ACE2 also serves a role in lung protection and therefore viral binding to this receptor deregulates a lung-protective pathway. Furthermore, ACE2 is also expressed in the heart and kidney, providing a link between coronavirus infection and the cardiovascular and renal system. While infection progresses, ACE2 is downregulated, resulting in increased angiotensin II action and/or loss of the cardioprotective effects of angiotensins 1--7.

The characteristic initial symptoms, consistent with the port of entry, are a dry cough and, with time, dyspnoea, with a relatively high rate of progression to ventilator dependence. However, consistent with the cardiovascular repercussions of a renin--angiotensin system--destructive infection, a rapidly growing body of evidence suggests a significant contribution from extrapulmonary cardiorenal manifestations, including arrhythmias, acute cardiac injury and acute kidney injury; therefore this could be regarded as a Type 5 (secondary) CRS (see [Figure 1](#sfaa082-F1){ref-type="fig"}).

![The main physiopathological pathways of cardiorenal syndrome associated with SARS-CoV-2 infection.](sfaa082f1){#sfaa082-F1}

CARDIAC INVOLVEMENT IN COVID-19
===============================

It has been documented that COVID-19 causes myocarditis \[[@sfaa082-B4]\], acute myocardial infarction \[[@sfaa082-B5]\] and exacerbation of heart failure \[[@sfaa082-B6], [@sfaa082-B7]\]. This is actually not unique to COVID-19 and is a documented source of mortality in prior epidemics of severe acute respiratory syndrome (SARS) \[[@sfaa082-B8], [@sfaa082-B9]\] and Middle East respiratory syndrome (MERS) coronavirus \[[@sfaa082-B10]\]. Interestingly, in COVID, the pulmonary risk is greater in those with pre-existing cardiac disease \[[@sfaa082-B4]\]. The SARS-CoV-2 infection causes acute myocardial injury, shock and arrhythmia in 7.2, 8.7 and 16.7% of patients, respectively, according to a recent epidemiological study \[[@sfaa082-B11]\].

Myocardial injury in patients with COVID-19
-------------------------------------------

In patients with SARS-CoV-2 infection, the most important features that suggest myocardial injury are electrocardiogram changes and troponin elevation coupled with echocardiography showing signs of subclinical left ventricular diastolic impairment or even reduced ejection fraction (EF) in severe cases \[[@sfaa082-B11]\], with a higher likelihood of the need for mechanical ventilation in those with reduced EF, as was seen during previous coronavirus outbreaks \[[@sfaa082-B9]\].

Myocardial injury can occur due to myocardial ischaemia or non-ischaemic myocardial processes, including myocarditis. Up to one in five COVID-19 patients will get acute myocardial injury (12--17% of cases) \[[@sfaa082-B12], [@sfaa082-B13]\]. Zhou *et al*. \[[@sfaa082-B13]\] observed a progressive increase (reaching the upper reference limit at Day 11) of high-sensitivity cardiac troponin I (hs-cTnI) levels in non-survivors, while hs-cTnI remained low in survivors. In a meta-analysis of four studies including a total of 341 patients, the standardized mean difference of cTnI levels was significantly higher in those with severe COVID-19 compared with milder disease \[[@sfaa082-B14]\]. The inflammatory response and haemodynamic changes associated with severe disease may confer a risk for atherosclerotic plaque rupture in susceptible patients. It is important to note a potential overlapping symptomatology between acute coronary syndrome and COVID-19. Interestingly, cardiac dysfunction overlapped with renal dysfunction, both occurring 2--4 days after the beginning of sepsis and acute respiratory distress syndrome (ARDS). The increase in cTnI may relate to endotoxin production as is known to occur in sepsis \[[@sfaa082-B15]\], an overall pro-inflammatory state, or direct cardiac attack via ACE2 receptors in heart tissue.

A more aggressive form of cardiac involvement cited in the literature among patients with COVID-19 is fulminant myocarditis \[[@sfaa082-B16]\]. Chen *et al*. \[[@sfaa082-B18]\] observed higher interleukin-6 (IL-6) levels in patients with fulminant myocarditis in their series of 120 COVID patients. Zhou *et al*. \[[@sfaa082-B13]\] also observed a worse prognosis in IL-6-elevated patients and this group had a higher likelihood of acute myocardial injury; the increase in IL-6 parallels the increase in hs-cTnI, raising the possibility that this reflects viral myocarditis. Ruan *et al*. \[[@sfaa082-B17]\] reported on myocardial damage as a cause of death by fulminant myocarditis in five patients (7%) and a cause of respiratory failure in 22 patients. In one patient with fulminant COVID-19 myocarditis, early glucocorticoid and immunoglobulin initiation resulted in complete remission of symptoms and echocardiographic changes after 1 week and fully normalized myocardial injury markers at 3 weeks \[[@sfaa082-B16]\]. However, even after a successful recovery from fulminant myocarditis, there is a lasting cardiac risk, with higher rates of cardiac death and heart transplantation in patients who developed fulminant forms of myocarditis compared with non-fulminant forms (47.7% of patients with fulminant versus 10.4% of patients with non-fulminant forms at the 7-year follow-up---data from a retrospective, international registry comprising a total of 220 patients) \[[@sfaa082-B19]\]; this will remain to be determined in long-term follow-up studies of patients with COVID-19 myocarditis.

Case reports have noted the development of arterial pulmonary thromboembolism (PTE) in patients with COVID-19 \[[@sfaa082-B20]\], vascular inflammation being considered the main culprit of the hypercoagulable state and endothelial dysfunction. However, it is not clear if the risk of PTE is higher in patients with COVID-19 than other critically ill patients. Elevated D-dimer levels (\>1 g/L) are strongly associated with in-hospital death in these patients \[[@sfaa082-B21]\]. In the setting of critically ill COVID-19 patients, although non-specific, an elevated D-dimer level coupled with respiratory deterioration evidenced by hypoxia or haemodynamic instability should raise suspicion for pulmonary embolism. In the absence of a clear indication for full anticoagulation, all hospitalized patients with COVID-19 should receive pharmacologic thromboprophylaxis with low molecular weight heparin \[[@sfaa082-B22]\].

Additional risk factors for Type 1 cardiorenal syndrome are related to sepsis-induced pulmonary disease---well recognized to precipitate acute heart failure (due to cardiometabolic stress, i.e. increased cardiac demand in the face of limited cardiac reserve \[[@sfaa082-B23]\], especially if there is pre-existing HF)---and pre-existing coronary artery disease, additionally predisposed to plaque rupture (due to the systemic inflammatory state).

Overall, existing data from China suggest that between one-quarter and one-third of the COVID-19 patients have significant heart failure: Zhou *et al*. \[[@sfaa082-B13]\] reported a 23% incidence of heart failure in their 191 patient series of SARS-CoV-2, while Chen *et al*. \[[@sfaa082-B18]\] reported elevated NT-pro-BNP in 27.5% of their patients.

Arterial hypertension and the use of ACE inhibitors or angiotensin II receptor blockers in patients with COVID-19
-----------------------------------------------------------------------------------------------------------------

Arterial hypertension is among the most frequent comorbidities associated in patients infected with SARS-CoV-2, with an estimated prevalence of 15--30% in most of the studies from China, with a higher value in patients who ultimately had severe COVID-19 infection \[[@sfaa082-B12], [@sfaa082-B13], [@sfaa082-B28]\]. However, these values might be higher due to the likely underreporting of pre-existing conditions in China \[[@sfaa082-B31]\]. Importantly, the presence of underlying hypertension may be a risk factor for severe patients compared with non-severe patients, according to a recent meta-analysis of eight studies including 46 248 COVID-19 patients \[[@sfaa082-B32]\].

Given the fact that SARS-CoV-2 invades cells through the ACE2 receptor, the use of ACE inhibitors (ACEis) and angiotensin II receptor blockers (ARBs) has become controversial. The unproven hypothesis is that ACE2 is overexpressed in these patients, giving more ports of entry for the virus \[[@sfaa082-B33]\].

There are conflicting data from studies demonstrating whether these drugs increase or have a minimal effect on ACE2 levels. Ferrario Carlos *et al*. \[[@sfaa082-B34]\] noted increased ACE2 expression in rat myocardial tissue after 12 days of lisinopril and losartan, similar to the findings of Ocaranza *et al*. \[[@sfaa082-B35]\] after enalapril and Ishiyama *et al*. \[[@sfaa082-B36]\] after losartan or olmesartan. However, other groups failed to show a difference in ACE2 expression with ACEis/ARBs versus controls in animals \[[@sfaa082-B37], [@sfaa082-B38]\] or in humans \[[@sfaa082-B39], [@sfaa082-B40]\]. Thus studies on myocardial ACE2 expression are not demonstrating a concordant signal. Nevertheless, pulmonary ACE2 expression remains understudied.

Kuba *et al.* \[[@sfaa082-B41]\] studied the molecular basis of lung injury in mice exposed to the preceding SARS-CoV (2003 epidemic). SARS downregulated ACE2 by binding the SARS-CoV Spike protein to ACE2. Interestingly, when SARS-CoV Spike protein was injected into the bloodstream, renin--angiotensin blockade prevented further worsening of acute lung failure. In COVID-19 patients, it was noted that viral load, lung injury (via the partial pressure of oxygen:fraction of inspired oxygen ratio) and higher levels of angiotensin II were all positively correlated \[[@sfaa082-B42]\]. As a result, recombinant ACE2 protein to provide 'false targets' for viral binding, and to modulate the RAS, might be used to protect individuals with SARS by potentially lowering both the viral load and the deleterious effects of angiotensin II activity. Notably, a recombinant human ACE2 (rhACE2; APN01, GSK2586881) has been found to be safe, with no negative haemodynamic effects in a small cohort of non-COVID-19 patients with ARDS \[[@sfaa082-B43]\].

At the time of this report, the data do not support a COVID-19-related shift away from ACEis/ARBs in patients with heart failure, hypertension or myocardial infarction, irrespective of SARS-CoV-2 according to the latest Position Statement of the European Society of Cardiology Council on Hypertension \[[@sfaa082-B44]\] and a joint statement from the American College of Cardiology, American Heart Association and Heart Failure Society of America posted online on 17 March \[[@sfaa082-B45]\]. This makes sense, as the upregulation of ACE2 (protein transcription) likely occurs over a protracted period of time, and halting these mediations will worsen cardiac status and overall COVID outcomes, thus measures to prevent COVID infection (social distancing and hand washing) remain more useful than ACEi/ARB medication cessation based on the available evidence.

RENAL COMPLICATIONS OF COVID-19
===============================

Once SARS-CoV-2 enters the bloodstream, the postulated mechanisms for kidney damage include sepsis, cytokine storm and direct cellular injury \[[@sfaa082-B46]\]. Although in a post-mortem analysis of SARS patients with acute kidney injury (AKI) using electron transmission microscopy, SARS-CoV was not detectable in any of the renal specimens \[[@sfaa082-B47]\], thus the presence of the SARS-CoV-2 in renal tissue is still under debate. Using polymerase chain reaction, Wang *et al*. \[[@sfaa082-B48]\] did not identify the virus in the urine in any of the 72 urine specimens tested. However, using immunohistochemistry, *in situ* SARS-CoV nucleocapsid protein was detected in six post-mortem samples from patients with AKI \[[@sfaa082-B49]\]. Moreover, recent human tissue RNA sequencing data have demonstrated that ACE2 expression in the kidney tubules is nearly 100-fold higher than in the lungs \[[@sfaa082-B50]\]. Corroborating this with the increased binding affinity to ACE2 of the SARS-CoV-2, as compared with the SARS-CoV \[[@sfaa082-B51]\], could support and explain the observed differences between the two infections in regard to a direct viral attack on the kidney. Other factors that may negatively interfere with kidney function are the presence of haemodynamic instability and concomitant medication, which may cause direct tubular toxicity or immunoallergic effects.

Previous studies of SARS and MERS-CoV infections reported a prevalence of AKI of 5--15% associated with a high mortality rate of up to 90% \[[@sfaa082-B47]\]. Although early reports suggested a lower incidence (3--9%) of AKI in COVID-19 patients (in the Chinese population) \[[@sfaa082-B11]\], more recent data have shown a higher frequency of renal abnormalities. The most prominent findings were albuminuria or haematuria, found by dipstick assessment in almost one-third of patients on the first day of admission, and elevated serum creatinine and blood urea nitrogen, found in 15.5% and 14.1% of patients, respectively \[[@sfaa082-B52]\]. Importantly, the presence of any of these markers of kidney damage in these patients was associated with a significantly higher in-hospital mortality \[[@sfaa082-B52]\].

MANAGEMENT OF CRS IN COVID-19 PATIENTS
======================================

At the time of this report there is no direct antiviral therapy for COVID-19 and the treatment regimens prescribed for patients are the main drugs that have previously been effective in SARS-CoV and MERS-CoV. A number of investigational agents are being explored for antiviral treatment of COVID-19, most of them being used based on *in vitro* or extrapolated evidence. However, therapeutics for COVID-19 have the potential for adverse cardiovascular effects. Therapeutic use of corticosteroids, especially for the management of severely ill patients with ARDS and/or myocarditis \[12\], might further increase the possibility of adverse cardiovascular events, including fluid retention and arrhythmias \[[@sfaa082-B53]\].

Overall critical care treatment goals include avoidance of volume overload, since overhydration may precipitate or exacerbate ARDS, maintenance of blood pressure (mean arterial pressure \>65 mmHg) and good oxygenation. Renal treatment goals include supportive care and renal replacement therapy (RRT) \[[@sfaa082-B47]\]. The question about starting RRT early versus late in these patients is still a matter of debate. We could extrapolate the results from the non-COVID-19 population, where there is no difference in outcomes for early versus late starts \[[@sfaa082-B3]\]. Therefore the decision of starting dialysis may be taken after putting in balance the traditional clinical indicators (with the prioritization of volume control) for RRT versus the risk of exposing healthcare workers to procedures that maybe are not needed in some of these patients and require additional manpower and machines. The type of RRT in COVID-19 CRS patients is another unanswered question. Once again, data from the non-COVID-19 population with AKI failed to find significant differences between several types of continuous therapies (continuous veno-venous haemofiltration, continuous veno-venous haemodialysis or continuous veno-venous haemodiafiltration) versus prolonged intermittent RRT \[[@sfaa082-B54]\]. If none of the above is available, intermittent haemodialysis is acceptable.

Although, for the moment, clinicians are dealing only with the acute cardiorenal complications of COVID-19, we can speculate that systemic inflammatory and pro-coagulant activity can persist in survivors of hospitalization. Since these acute complications might represent risk factors for chronic cardiac and kidney disease, a close follow-up of these patients is mandatory.
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